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noncoding RNALarge-scale studies of mammalian genome transcription reveal that a large proportion of the genome is
transcribed. It remains an open question whether the identiﬁed transcripts are functional. Here, we searched
for computational evidence to support the functionality of 34,030 noncoding RNA (ncRNA) transcripts
reported by the Fantom3 project. We show that compared to control sets, the Fantom ncRNA transcripts set
is more conserved with human and rat. We also demonstrate that homologs of the Fantom ncRNA sequences
in human and rat have more matches to ESTs. The conserved subgroup of sequences exhibits elevated
expression levels in brain tissues. Finally, on average, the Fantom ncRNA sequences have lower minimal free
energy of folding than the control sets. Taken together, these observations suggest that, as a group, the
Fantom ncRNA set has properties that are different from random sets. Therefore, many of these transcripts
may indeed have biological function.nthal),
ll rights reserved.© 2010 Elsevier Inc. All rights reserved.Introduction
One of the most surprising observations in large-scale studies of
mammalian genome transcription is the large proportion of genomic
DNA that is transcribed to RNA [1–5]. While it was previously assumed
that mainly protein-coding genes are transcribed, it has become clear
thatmuch larger portions of higher eukaryote genomes are transcribed.
In themouse, as part of the Functional Annotation of Mouse (FANTOM)
project, it was shown that at least 63% of the genome is transcribed [3].
The estimates for human transcription are even higher: according to
the ENCODE project, 93% of the genome positions are transcribed at
least from one strand [2]. However, the signiﬁcance of the transcription
of so many genomic regions that do not code for proteins is still under
active debate [6–11]. Some claim that transcription abundance is a by-
product of transcription machinery activity and that most of the
transcripts do not have any function [12,13].
Direct experimental evidence for the speciﬁc function of each
sequence is not available, and is not likely to become available soon.
However, indirect computational evidence can be invoked in our
search for a function. For example, if a set of transcripts are evolu-
tionarily conserved among species, they are more likely to have bio-
logical function. Likewise, if transcripts are shown to be differentially
expressed under different conditions or in different tissues, these are
further indications of biological function. Such evidence appears in the
literature. The tendency of a subgroup of the Fantom ncRNA sequences
to be conserved among species was noted [3,14]. Carninci et al. [3]
reported that a subset (about 10% of the total) is relatively highlyconserved. Ponjavic et al. [15] demonstrated for a subset of the Fantom
sequences, that the evolution of their promoters and splice sites is not
neutral and seems to be under purifying selection. Lately, 439 long
ncRNAs from the Fantom set that showed conservation across species,
were found to have evidence for transcribed orthologs in human [16]. A
recent study using a novel experimental method based on chromatin
signature detected over a thousand ncRNAs in the mouse genome [17].
These sequences were shown to be conserved across mammalian
species when compared to intergenic regions.
Regulated expression of a subset of the mouse transcripts that are
considered to be non-protein-coding RNA (ncRNA)was demonstrated
using various expression analysis tools [18]. For example, expression
of 849 long ncRNA transcripts was found in the mouse brain; the
majority of these sequences are expressed in restricted functional
regions of the brain, and many show speciﬁc subcellular locations
[19], further supporting the functionality of these transcripts.
Previous studies were performed on different subsets of the
Fantom database, probing these subsets with various methods. Here,
we performed a comprehensive analysis of the entire Fantom ncRNA
database using several complementary methods to demonstrate that,
as a set, the ncRNA Fantom sequences have distinct properties com-
pared to other intergenic sequences in the genome. The dataset that
we used is the set of the 34,030 full-length transcripts classiﬁed as
ncRNAs in Fantom3 [3].
Results
Fantom noncoding (FNC) data
The Fantom3 data set contains 34,030 transcripts that were
classiﬁed as potentially ncRNA [3]. As shown in Fig. S1, these sequences
Table 2
The number of FNC sequences, divided into different groups, that have at least one
BLAST hit in the human and rat genome is higher than random sequences.
No overlap to Overlap to Filteredf
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large standard deviation of 1081.
Fantom noncoding sequences are more conserved than control
random sets
We ﬁrst analyzed the conservation of the Fantom transcripts as
compared to conservation of random sets of noncoding regions from
the mouse genome of matched transcript length. Our comparison
approach was based on BLAST search, in which we can identify con-
served blocks within a background of more rapidly evolving se-
quences. Table 1 (left columns) shows the percentage of sequences
that have at least one BLAST hit with E-Valueb10-5 when compared to
the rat or human genome. The search was performed on the FNC set
and on 30 random sets. The level of similarity between mouse and rat
is so high that most sequences taken randomly from the mouse have
matching hits in the rat with very low E-values, so no special con-
servation for the Fantom sequences could be detected. However,
when compared with the human genome, a striking difference was
observed. About 50% of random noncoding sequences from themouse
had BLAST hits in the human genome with an E-Valueb10-5, and with
a very small standard deviation between the 30 different random sets
tested. About 60% of the Fantom sequences have hits with this E-Value
cutoff. This result is 50 standard deviations (Z-score of 50) from what
is observed in the control sets.
Genomes of higher organisms are enriched with repeats of many
kinds [20]. These repeats can affect the results of any large-scale
sequence analysis of genomes. Thus, we repeated this analysis, this time
excluding all the repeat elements from the sequences. However, during
this analysis, we realized that the Fantom sequences are less repetitive
than regions chosen at random from the mouse genome. When using
RepeatMasker (Smit, AFA, Hubley, R & Green, P. RepeatMasker Open-
3.0. 1996–2004 bhttp://www.repeatmasker.orgN),∼25% of the Fantom
sequences bases were shown to be masked, as compared to ∼42% in
the random set. Thus, the simple removal of repeated sequences
would leave a collection of sequences with a different, shorter, length
distribution. In order to compensate for this effect, we created a new,
longer set of random sequences (1.29 fold longer than the original
sequences). Using this new sequence collection as a control (Table 1,
right), it became clear that the conservation of the Fantom sequences
with both rat and the human is higher than that of the random
collection. However, this simple ﬁx creates sequences of longer length
which by itself can affect the E-Value of BLAST searches. To make sure
that this is not a major problem, we created another set of the FNC
sequences, when each sequence was extended with the dummy
characterN to be of the same length as the extended random sequences.
(N characters cannot match any nucleotide but they change the
sequence length and thus affect the statistics). The percentage of
matched sequences for the latter setwas quite similar to the percentage
found in the masked Fantom set (results not shown).Table 1
The number of mouse Fantom noncoding (FNC) sequences that have at least one BLAST
hit in the human and rat genome is higher than random sequences.
No Repeat Masking Repeat Masking
Rat Human Rat Human
FNC (%)a 97.85 59.38 91.73 45.82
Random average (%)a,b 97.86 48.90 81.67 27.80
Random SDb 0.11 0.21 0.21 0.21
FNC Z-score c -0.10 50.49 48.01 84.62
a Percentage of sequences (from 34,030) that have at least one BLAST match with
E-value b= 10-5 with the human or rat genome.
b Average and SD are given for the 30 control sets of 34,030 sequences taken
randomly from the mouse genome.
c Comparison of FNC to random is given with a Z-score.About ∼27% of the FNC sequences overlap, at least partially, with
coding sequence (CDS) or untranslated region (UTR) of known genes.
It is reasonable to assume that these sequences are conserved and
can bias our results. In order to see if the higher conservation we
previously observed was only due to these sequences, we repeated
our test for the FNC sequences that overlap CDS or UTR of known
genes (the "overlap to CDS/UTR" group), and for the total set ex-
cluding these sequences (the "no overlap to CDS/UTR" group). In
Table 2, it can be seen that, indeed, a higher percentage of the overlap
sequences (after repeat masking) had BLAST hits on the compared
genome, especially in human. However, even when these sequences
were excluded, the remaining group of sequences still had more
BLAST hits than the corresponding random sets when compared to rat
and human. The same effect was shown in the "ﬁltered" group, which
is our most stringent group.
Interestingly, the random sets that correspond to the “ﬁltered"
group show a lower percentage of BLAST hits than the other random
sets. For example, in the "ﬁltered" group about 23% of the random
sequences have BLAST hits when compared to the human genome,
while in the other groups, about 27% of the sequences have hits. This
can be explained by the fact that this group has a lower length in
average, and as a result, less BLAST hits.
In order to compare our results to other subsets of the Fantom
sequences that have been previously analyzed, we used the subset of
657 Fantom transcripts that were shown to be under evolutionary
constraints by Ponjavic et al. [21]. Indeed, we found that this set is
enrichedwith BLASTmatches to rat and human genomes compared to
the entire Fantom set (Table S1). However, when we performed our
analysis on the total FNC set excluding this subset or when we
excluded this subset from the "ﬁltered" set, we saw that they were
still enriched with BLAST matches compared to the entire Fantom set.
Another way to quantify the level of conservation is to compare
the number of homologs between the organisms, deﬁned as the
number of pairs with reciprocal best hits. Again, comparison with
randomsequences (Table 3) shows that the Fantomsequences contain
many more sequences homologous to both rat and human than the
random sequence set. This effect was also seen when excluding the
previously mentioned constrained subset (Table S2). As the compar-
ison method is suitable only for continuous sequences (see methods),
this analysiswas done only for sequenceswith a single exon. However,
when the homology analysis was repeated on sequences built from
two exons, it still can be seen that the group of FNC sequences contains
more homologs than the random sequences (Table S3).
Next, we analyzed the level of the global identity between the
mouse sequences and their homologs in rat and human. Although theCDS/UTRd CDS/UTRe
Rat Human Rat Human Rat Human
FNC (%)a 90.04 33.64 96.14 77.68 89.26 30.1
Random average (%)a,b 81.81 27.88 81.31 27.59 78.69 23.32
Random SDb 0.22 0.25 0.31 0.48 0.48 0.43
FNC Z-score c 37.41 23.04 47.84 104.35 22.02 15.77
Results are shown for sequences in which the repeat elements were masked with
RepeatMasker.
a Percentage of sequences that have at least one BLAST match with E-value b= 10-5
with the human or rat genome.
b Average and SD are given for the 30 control sets of sequences (same number and
length as the Fantom group) taken randomly from the mouse genome.
c Comparison of FNC to random is given with a Z-score.
d Results for 24,619 sequences that do not overlap CDS or UTR of known genes (see
Methods).
e Results for 9411 sequences that overlap CDS or UTR of known genes (see Methods).
f Results for 6773 sequences that do not overlap CDS or UTR of known genes, and
have other ﬁlter criteria (see Methods).
Table 3
The FNC set contains more homologs to the human and rat genome than random sets.
Totald No overlap to CDS/UTRe Overlap to CDS/UTRf Filteredg
Rat Human Rat Human Rat Human Rat Human
FNC (%)a 65.92 32.48 61.37 23.07 79.2 59.97 69.22 24.12
Random average (%)a,b 49.85 18.90 49.57 18.84 50.64 19.09 51.17 18.56
Random SDb 0.32 0.27 0.35 0.30 0.73 0.47 0.72 0.73
FNC Z-score c 50.22 50.3 33.71 14.1 39.12 86.98 25.07 7.62
a Percentage of homologous sequences. A sequence was considered as homologous if it was found to be the best match by reciprocal BLAST search.
b Average and SD are given for the 30 control sets of sequences taken randomly from the mouse genome.
c Comparison of FNC to random is given with a Z-score.
d Results for 23,254 FNC sequences that are built from one exon.
e Results for 17,321 sequences that do not overlap CDS or UTR of known genes (see Methods), and are built from one exon.
f Results for 5,933 sequences that overlap CDS or UTR of known genes (see Methods), and are built from one exon.
g Results for 3,954 sequences that do not overlap CDS or UTR of known genes, have other ﬁlter criteria (see Methods), and are built from one exon.
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human is only slightly higher than in the random sets, the difference is
statistically signiﬁcant (Tables 4, S4). We also analyzed the distribu-
tion of sequence identities between the Fantom transcripts and their
homologs in the rat and human genomes and the corresponding dis-
tribution produced for random sequences from the mouse genomes.
Fig. 1 shows that the Fantom sequences are highly enriched, relative
to the random set, with sequences having exceptionally high se-
quence identity (over 80%). This enrichment is higher in the human
than in the rat, probably because of the higher genome similarity
between the mouse and the rat, leading to higher similarity also in the
random sequences. High percentage of similarity (N60%with a human
homolog) was found in 2105 FNC sequences, while in the random sets,
only 559 sequences on average exhibit this high conservation. When
considering only the sequences from the ﬁltered set, 183 Fantom
sequences exhibit high conservation, as compared to 99 sequences, on
average, in the random sets.
Homologs of Fantom sequences tend to be expressed in other organisms
to a greater extent than random sequences
In the next analysis, we determined whether the rat and human
sequences that are homologous to the expressed Fantom mouse
sequences are indeed more likely to be expressed than other non-
coding sequences taken at random from these organisms. Since in rat
and human, currently no wide genome transcriptome project similar
to Fantom is available, we used the existence of an EST as an indication
of transcription. Thus, we compared the number of Fantom homologs
in rat and human that have hits in the EST databases of the corre-
sponding genomes, relative to rat and human sequence homologs
of random mouse sequences. Tables 5 and S5 show that sequences
expressed in the mouse have homologs that tend to be expressed in
rat and human genomes. Note that the higher number of EST matches
in human compared to rat is due to the much larger size of the humanTable 4
The average level of conservation between FNC sequences and their homologs is higher tha
Totald No overlap to CD
Rat Human Rat
FNC (%)a 71.93 55.37 70.25
Random average (%)a,b 68.28 51.20 68.15
Random SDb 0.08 0.10 0.09
FNC Z-score c 45.62 41.7 23.33
a Global identity percentage determined by the Needle program for homolog sequences
b Average and SD are given for the 30 control sets.
c Comparison of FNC to random is given with a Z-score.
d Homologs from the total set of FNC sequences.
e Homologs from the set of FNC sequences that do not overlap CDS or UTR of known gen
f Homologs from the set of FNC sequences that overlap CDS or UTR of known genes (see
g Homologs from the set of FNC sequences that do not overlap CDS or UTR of known genEST database: 8,137,888 entries for human, compared with 850,212
for rat.
Conserved FNC exhibit a high level of expression in brain tissues
We showed that FNC sequences are more highly conserved than
random sequences, and that their homologous sequences in human
and rat are more likely to be expressed. Thus, it is interesting to
determine whether the subgroup of sequences that is more conserved
with human, has a different pattern of expression relative to the other
Fantom mouse sequences. Expression levels of the FNC sequences
were obtained from the Riken Expression Array Database (READ)
[22,23]. This dataset contains data for only a subset of the sequences
(FANTOM1 and FANTOM2), and we were able to obtain expression
levels in 20 different tissues for 2278 FNC sequences. Expression levels
in different tissues were standardized to a Z-score for each sequence
(as compared to the average expression in all 20 tissues). We wished
to determine if the subgroup of 263 sequences that exhibit high
conservation with their human homologs (60-100% identity) tend to
be more expressed in speciﬁc tissues relative to 30 control sets of
the same size taken randomly from the total 2278 sequences. We
calculated the average expression in each tissue for the 30 control sets
and for the conserved set and calculated its deviation in terms of
Z-score. We found that the conserved set exhibits a high level of
expression in three brain tissues – brain, cerebellum, and cerebellum
from 10 day old neonate, as compared to control sets (Table 6).
FNC sequences have lower minimum free energy (MFE) of folding than
random sequences
It is reasonable to expect that functional ncRNA sequences would
tend to fold into stable secondary structures and, thus, would have
better thermodynamic stability than random sequences. Thermody-
namic stability is calculated by RNA secondary structure predictionn in the random sequence set.
S/UTRe Overlap to CDS/UTRf Filteredg
Human Rat Human Rat Human
54.13 75.73 56.76 71.33 53.89
51.11 68.66 51.47 69.16 51.70
0.13 0.21 0.20 0.28 0.33
23.23 33.66 26.45 7.75 6.63
(built from one exon).
es (see Methods).
Methods).
es, and have other ﬁlter criteria (see Methods).
Fig. 1. Fantom sequences are highly enriched with sequences exhibiting a high level of identity with their homologs. For each range of sequence identity (60-80%, 80-100%), the
histogram presents the ratio between the percentage of Fantom sequences to random sequences in that sequence identity range (rat – white bars, human – gray bars). The results
are presented for the total set (A), set without sequences that overlap CDS or UTR of known genes (B), the set of the overlap sequences (C), and the ﬁltered set (D). The histogram
shows that sequence identity among homologous pairs from the Fantom sequences is higher than sequence identity between homologous sequences taken from the random
sequence set.
13I. Lebenthal, R. Unger / Genomics 96 (2010) 10–16algorithms such as MFOLD and the Vienna package. Thus, we checked
if the FNC sequences differ in their minimum free energy (MFE) from
random sequences.
The MFE of each sequence was determined by RNAfold [24–26].
The average MFE of the FNC sequences for the total set was -604.9
Kcal/mol, while the average MFE of the 30 random sequence sets was
-576.9±0.48 Kcal/mol (Table 7). This held true when the FNC set was
divided into different subsets (overlap to CDS/UTR, no overlap, and
ﬁltered); the average MFE for the FNC set was lower than the random
sets. This observation seemingly suggests that FNC sequences are
indeed more stable than other noncoding sequences from the mouse
genome.
However, it was shown that the dinucleotide composition affects
the MFE because of the contribution of stacked base-pairs to the MFE
calculation [27]. Indeed, we found that FNC sequences are signiﬁ-
cantly different from random sequences in their dinucleotide
composition; the root mean square (RMS) between the dinucleotide
composition of the FNC set to that of the total mouse genome is 0.35,
while the random sets RMS average is 0.026, with standard deviation
of 0.004, which gives a Z-score of 81 for the FNC set.Table 5
Homologs of FNC sequences in human and rat have more ESTs matches than random seque
Match to EST, identity N= 95%, match length N= 95%
Totald No overlap to C
Rat Human Rat
FNC (%)a 18.28 39.48 10.48
Random average (%)a,b 2.39 11.08 2.44
Random SDb 0.14 0.45 0.19
FNC Z-score c 113.5 63.11 42.32
a Percentage of homologous sequences with a match to EST with at least 95% identity, and
the transcript) hits were considered.
b Average and SD are given for the 30 control sets.
c Comparison of FNC to random is given by a Z-score.
d Results for homologs from the total set of FNC sequences.
e Results for homologs from the set of FNC sequences that do not overlap CDS or UTR of
f Results for homologs from the set of FNC sequences that overlap CDS or UTR of known
g Results for homologs from the set of FNC sequences that do not overlap CDS or UTR ofIn order to determine how much of the MFE effect is due to this
distinct dinucleotide distribution, we shufﬂed the FNC sequences in
a manner that preserved their dinucleotide composition [28].
Tables 7 and S6 show that even against this control, FNC sequences
had MFE values that were signiﬁcantly more stable than expected
(Z-score=-190, for the total set).When compared to their 30 shufﬂed
versions, 3099 (9.11%) FNC sequences exhibited signiﬁcantly lowMFE
(with Z-scoreb-3). In the ﬁltered group, 343 (5.06%) sequences had
such low MFE.
Thus, these calculations provide a further indication that the
Fantom sequences are different as a group from sets of sequences that
are chosen randomly from the mouse genome. First, the Fantom
sequences have a distinct dinucleotide composition, and second, the
Fantom sequences tend to have a lower minimal free energy, as
calculated by secondary structure prediction algorithms.
Discussion
In this analysis, we demonstrate that non-protein-coding sequences
that are expressed in themouse are, on average, more conserved acrossnces.
EST length
DS/UTRe Overlap to CDS/UTRf Filteredg
Human Rat Human Rat Human
28.28 35.92 51.94 8.19 24.32
11.28 2.27 10.48 1.87 9.61
0.58 0.22 0.86 0.29 1.22
29.31 152.95 48.21 21.79 12.06
match length of at least 95% of the EST length. Only forward (EST in the same strand as
known genes (see Methods).
genes (see Methods).
known genes, and have other ﬁlter criteria (see Methods).
Table 6
FNC sequences that have high similarity with their human homologs (“conserved”)
exhibit a high level of expression in brain tissues.
Tissuec Rnd-avga Conservedb Z-score
15_cerebellum 0.15 0.54 6.07
07_brain 0.00 0.28 4.93
65_cerebellum_neonate10day 0.06 0.33 4.16
98_bone -0.12 0.01 2.65
12_lung 0.00 0.10 2.61
20_small_intestine -0.02 0.03 0.75
16_placenta -0.05 -0.02 0.46
58_thymus 0.14 0.16 0.23
B4_adipose -0.03 -0.02 0.11
83_uterus 0.09 0.08 -0.05
10_heart -0.12 -0.13 -0.23
22_stomach -0.08 -0.10 -0.42
90_colon -0.08 -0.11 -0.85
09_spleen 0.03 -0.03 -1.07
47_skin_neonate10day 0.09 0.02 -1.09
17_testis 0.02 -0.15 -1.90
xx_muscle 0.04 -0.11 -1.94
06_kidney -0.09 -0.22 -2.48
13_liver -0.12 -0.24 -2.60
18_pancreas 0.04 -0.45 -8.89
Tissues with high expression appear in bold.
a Average of average expression levels in each tissue for 30 sets of 263 sequences
chosen randomly from 2278 FNC sequences; expression levels were available for 20
tissues.
b Average expression level for 263 FNC sequences that are conserved (identity N=
60%) with the human genome.
c The Z-scores of the conserved sequence set as compared to the control.
14 I. Lebenthal, R. Unger / Genomics 96 (2010) 10–16species than mouse non-protein-coding sequences that are not
expressed. In particular, there are some Fantom sequences that show
very high sequence similarity to rat and human sequences. We showed
that the conserved subgroup of the FNC sequences have a high level of
expression in the brain, which was previously shown to be enriched in
long noncoding RNA [19,29]. In addition, we demonstrated that
sequences that are homologous to the Fantom sequences in rat and
human are more likely to be expressed than randomly selected
sequences (about 40% of the Fantom homologs in human have an EST
match).
Recently, it was shown that structural thermodynamic stability
can be an effective tool for predicting short ncRNAs [30]. Here, we
were able to show that as a group, the longer Fantom RNAs also tend
to have lower minimal free energy than the control sets of sequences
taken randomly from the mouse genome. We showed that the FNC
sequences have dinucleotide composition that is distinct from the
control sets, which even by itself might lead to different MFE. How-
ever, even after controlling for dinucleotide composition, the differ-
ence in folding free energy remained signiﬁcant. Taken together,Table 7
FNC sequences have on average lower MFE than random sequences.
Totald No overlap to
RNDa SHb RNDa
FNC (Kcal/mol) -604.9 -604.9 -598.38
Random average (Kcal/mol) -576.9 -595.5 -581.1
Random SD 0.48 0.05 0.55
FNC Z scorec -58.5 -190.4 -31.42
a RND – 30 sets of sequences randomly chosen from intergenic or intronic regions of the
b SH – 30 sets of random sequences prepared by shufﬂing the original FNC in a manner
c For comparison, the Z-score of the FNC is given.
d Results for the total set of FNC sequences.
e Results for the set of FNC sequences that do not overlap CDS or UTR of known genes (s
f Results for the set of FNC sequences that overlap CDS or UTR of known genes (see Met
g Results for the set of FNC sequences that do not overlap CDS or UTR of known genes, athese observations suggest that the selection of sequences to be
expressed in the mouse is not random, and support the notion that
many of the non-protein-coding sequences that are expressed might
have biological function, and are not just "transcriptional noise".
The Fantom3 data set that we worked on contains 34,030
transcripts that were classiﬁed as potentially ncRNA [3]. However,
classiﬁcation of ncRNA could be confounded by the presence of novel
isoforms or transcripts of coding transcripts. Indeed, about 27% of the
Fantom ncRNA sequences overlap CDS or UTR. It is reasonable to
assume thatmanyof the features thatwe found in this group are due to
this overlap. Indeed, when looking at results for the subset of FNC
sequences that overlap CDS or UTR of known genes, we saw higher
conservation and expression of human orthologs than shown for the
total set (Tables 2, 3, 4, 5 and Fig. 1). However, even when these
sequences are excluded, the remaining group of sequences shows,
though to a lesser extent, the same unique features (enhanced ex-
pression, stability, and sequence conservation) that distinguish it
statistically from the control sets.
Recently, Nordstrom et al. [31] analyzed a set of 38,129 sequences
from the Fantom3 project that were classiﬁed as ncRNA according to a
majority vote of CRITICA [32], mTRANS (M. Furuno, unpublished data),
and rsCDS [33] (ftp://fantom.gsc.riken.jp/FANTOM3/noncoding/
f3_noncoding_vote.txt). This work deﬁned a ﬁltered subset from the
Fantom ncRNA that can be considered a data set of transcripts without
signs of being artifacts. We intersected this selected group with our
sequences, and excluded the sequences that reside antisense to known
genes, creating our "ﬁltered" set. This set also shows the same unique
features, similar to the group that does not overlap CDS or UTR
of known genes. These results show that although the overlapping
sequences make a signiﬁcant contribution to conservation and other
features, the remaining sequences still have unique features.
We show here that the Fantom noncoding sequences are distinct
as a group from control sets of sequences chosen randomly from
mouse intergenic or intronic regions. Unfortunately, these ﬁndings
are valid on a group level but not for the individual sequences. For
example, as a group, the Fantom ncRNAs are more conserved between
species than the control random sets. However, many of the Fantom
sequences do not show signiﬁcant conservation. Lack of conservation
does not necessarily suggest lack of function [34], and we cannot use
this feature alone to classify a sequence as a nonfunctional ncRNA.
Nevertheless, we assume that sequences that exhibit the combination
of unique features described here are more likely to be functional
ncRNAs (Table S7 presents a list of 70 such sequences from the ﬁltered
set that have at least two of the three following attributes: high
identity with their human homologs, low MFE, or evidence for EST in
the human homolog). However, we should note that, if a sequence
does not show some of these speciﬁc features, it does not necessarily
suggest that the sequence is a "junk" transcript.CDS/UTRe Overlap to CDS/UTRf Filteredg
SHb RNDa SHb RNDa SHb
-598.38 -621.93 -621.93 -468 -468
-588.83 -566.22 -613.12 -450.3 -463.65
0.06 1.247 0.088 0.9 0.11
-159.17 -44.57 -100.11 -19.66 -39.54
mouse genome.
that maintains their dinucleotide composition.
ee Methods).
hods).
nd have other ﬁlter criteria (see Methods).
15I. Lebenthal, R. Unger / Genomics 96 (2010) 10–16Though we cannot exclude the possibility that some of the mouse
transcripts have no function and are just a by-product of the transcription
machinery, it is clear that this group of transcripts has properties that are
very different from a random collection from the genome. Therefore, we
believe that many of these transcripts represent functional RNA
molecules.
Methods
Datasets
Noncoding mouse sequences were downloaded from the Fantom3
database [35] using the ﬁle fantom_3_noncoding.txt (ftp://fantom.gsc.
riken.jp/FANTOM3/noncoding), which contains 34,030 sequences. We
will denote these sequences as FNC (Fantom noncoding).
All mouse, human, and rat genome sequences were downloaded
from www.ensembl.org (versions 47, 49, and 49, respectively). EST
sequences were downloaded (in July 2008) from ftp.ncbi.nih.gov/
blast/db. Masking of repeat elements and low complexity regions was
donewith the program RepeatMasker (Smit, AFA, Hubley, R & Green, P.
RepeatMaskerOpen-3.0. 1996–2004 bhttp://www.repeatmasker.orgN).
Creating random control sets
The mouse genome was divided into different types of sequences
(intergenic, intronic, etc.) according to the annotation of features
(taken from ensembl ﬁle: ftp://ftp.ensembl.org/pub/release-47/gtf/
Mus_musculus.NCBIM37.47.gtf.gz). Random sequenceswith the same
length as the Fantom sequences were taken from intergenic and
intronic regions of the mouse genome. We also created a random set
for working with repeat masked sequences, in which the sequences
were 1.29 fold longer than the corresponding Fantom sequences
(again, taken randomly from mouse intergenic and intronic regions),
to compensate for the higher average content of repeat elements in
random sequences compared with the Fantom sequences. The
rational of this repeat masked set is discussed in the Results.
Dividing the FNC set to different groups
Themain analysiswasdoneon the total set of theFNC sequences, but
some results were computed for speciﬁc subsets. In particular, since a
signiﬁcant fraction of the FNC sequences overlapwith the CDS or UTR of
knownprotein-coding,we created a subset of these sequences. Thiswas
done by running BLAST [36] against all the CDSs and UTRs of the mouse
genome. The annotations of CDS andUTRwere taken from ensembl ﬁle:
ftp://ftp.ensembl.org/pub/release-47/gtf/Mus_musculus.
NCBIM37.47.gtf.gz. Sequenceswithhits of E-valueb=0.05andmatched
coordinates were classiﬁed as the "overlap to CDS/UTR" group (about
27% of the FNC sequences), while the total FNC set minus the latter
group was considered the "no overlap to CDS/UTR" group.
Recently, Nordstrom et al. [31] deﬁned a selected subset of the
Fantom noncoding sequences that do not overlap with (or near)
protein-coding genes, did not contain ORFs longer than 100 residues,
and were not internally primed (do not contain downstream adenine-
rich track). This generated a dataset of transcriptswithout signs of being
artifacts. We intersected this ﬁltered group with our sequences, and
additionally excluded sequences that resides antisense to known genes.
The remaining sequences were referred to as the "ﬁltered" group.
In order to compare our results to other subsets of the Fantom
sequences that have been previously analyzed, we used the subset of
657 Fantom transcripts that were shown to be under evolutionary
constraints by Ponjavic et al. [21]. We also performed our analysis on
the total FNC set excluding this constrained subset, and on the
"ﬁltered" set excluding the constrained subset.
About 30% of the FNC sequences are not continuous in the mouse
genome, i.e. these are noncoding sequences that seem to undergosplicing. The analysis of this group of sequences required amodiﬁcation
of our basic analysis method (see below) and, thus, this group was also
considered separately.
Determining homology and identity levels
BLAST [36] was used in order to ﬁnd homologous sequences. The
sequences were run against the corresponding genome (human or rat)
using the default BLASTN parameters, except for setting E to 0.05. The
bestmatch (best E-value) for each sequence was considered a potential
homolog and was extended to match the length of the original
sequence. The potential homologwas run reciprocally by BLAST against
the mouse genome, and if the best match overlapped with the
coordinates of the original mouse sequence that were determined
using MegaBLAST, the sequences were considered homologs.
Note that this method of ﬁnding homologs is applicable only for
continuous transcripts that are built from a single exon (since on
spliced sequences there is not enough information to extend a single
match to two or more separate segments). Thus, homology determi-
nation and further analysis on homologs were performed on Fantom
transcripts that were continuous, containing only one exon. However,
homology was also determined for sequences built from two exons.
For those sequences, we search the homolog for each exon separately
(as mentioned above), and only sequences in which both exons found
a reciprocal homolog in the same chromosome and with a reasonable
interval, were considered homologs.
The level of identity between a sequence and its homolog was
determined using the program Needle (from the EMBOSS package),
which implements the global alignment algorithm of Needleman and
Wunsch [37].
Comparing expression levels
Absolute expression levels of part of the Fantom sequences in 20
tissues were downloaded from the READ DB [22,23]. The ﬁle contains
the expression levels of 2278 Fantom noncoding (FNC) sequences.
According to the distribution of the expression level in each tissue, the
expression level (of each sequence) in the different tissues was
standardized to a Z score. Among these sequences, the 263 sequences
that exhibited high identity (60-100%) with their human homologs
were considered the "conserved" group. Control sets were con-
structed using sets of the same size (263 sequences) chosen randomly
from the 2278 FNC sequences for which expression data were
available. The average standardized expression levels of the conserved
group and the random sets were calculated for each tissue.
Minimum Free Energy (MFE) measurements
The MFE of each sequence from the FNC or the random sets was
measured using theprogramRNAfold from theVienna package [24–26].
In order to determine the effect of the dinucleotide composition on the
MFE, sets of random sequenceswith the samedinucleotide composition
as the original Fantom sequences were created by a program that
implements the shufﬂing algorithm described in Kandel et al. [28].
Dinucleotide composition
Dinucleotide composition was determined for the whole mouse
genome and for the set of the Fantom noncoding sequences. The root
mean square (RMS) between the two vectors of composition of the
16 dinucleotides in each sequence was calculated according to the
following equation:
RMS =
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
N
∑
N
i=1
x2i
s
16 I. Lebenthal, R. Unger / Genomics 96 (2010) 10–16xi = Ui−Vi
where U and V are the two vectors of the compositions. The RMS
between the dinucleotide composition of the mouse genome and 30
random sets was calculated in a similar manner.
Z-score calculation
In many of our analyses, the comparison between the FNC set and
the random set is given by Z-score. Z-score was calculated according
to the formula:
Z =
X−μ
σ
where X is the value that will be standardized to Z score, μ is the
average of the group (the random sets) and σ is the standard
deviation of the group.
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